The sedative and hypnotic agent 4,5,6,7-tetrahydroisoxazolo[4,5-c]pyridine-3-ol (THIP) is a GABA A receptor (GABA A R) agonist that preferentially activates d-subunit-containing GABA A Rs (d-GABA A Rs). To clarify the role of d-GABA A Rs in mediating the sedative actions of THIP, we utilized mice lacking the a 1 -or d-subunit in a combined electrophysiological and behavioural analysis. Whole-cell patch-clamp recordings were obtained from ventrobasal thalamic nucleus (VB) neurones at a holding potential of )60 mV. Application of bicuculline to wild-type (WT) VB neurones revealed a GABA A R-mediated tonic current of 92 ± 19 pA, which was greatly reduced (13 ± 5 pA) for VB neurones of d 0 ⁄ 0 mice. Deletion of the d-but not the a 1 -subunit dramatically reduced the THIP (1 lm)-induced inward current in these neurones (WT, )309 ± 23 pA; d 0 ⁄ 0 , )18 ± 3 pA; a 1 0 ⁄ 0 , )377 ± 45 pA). Furthermore, THIP selectively decreased the excitability of WT and a 1 0 ⁄ 0 but not d 0 ⁄ 0 VB neurones. THIP did not affect the properties of miniature inhibitory post-synaptic currents in any of the genotypes. No differences in rotarod performance and locomotor activity were observed across the three genotypes. In WT mice, performance of these behaviours was impaired by THIP in a dose-dependent manner. The effect of THIP on rotarod performance was blunted for d 0 ⁄ 0 but not a 1 0 ⁄ 0 mice. We previously reported that deletion of the a 1 -subunit abolished synaptic GABA A responses of VB neurones. Therefore, collectively, these findings suggest that extrasynaptic d-GABA A Rs vs. synaptic a 1 -subunit-containing GABA A Rs of thalamocortical neurones represent an important molecular target underpinning the sedative actions of THIP.
Introduction
Extrasynaptic GABA A receptors (GABA A Rs) incorporating the d-subunit have emerged as an important molecular target for the action of therapeutically useful drugs including intravenous general anaesthetics (e.g. etomidate) and sedatives [e.g. 4,5,6,7-tetrahydroisoxazolo[4,5-c] pyridine-3-ol (THIP) or gaboxadol] (Belelli et al., 2005; Orser, 2006; Wafford & Ebert, 2006 . The sedative actions of THIP have attracted considerable attention due to the selectivity of this ligand at clinically relevant concentrations (i.e. 1 lm) for GABA A Rs composed of either ab-or abd-subunits vs. abc 2 receptors, where THIP acts as a potent full and a weak partial agonist, respectively (Brown et al., 2002; Storustovu & Ebert, 2006) . As receptors incorporating only a-and b-subunits do not readily occur in vivo (although see Mortensen & Smart, 2006) , d-subunit-containing GABA A Rs (d-GABA A Rs) are probably the behavioural target for this agonist.
Although sedation and hypnosis are not equivalent (Rudolph & Antkowiak, 2004) , sedative and hypnotic agents that act primarily via GABA A Rs, including THIP, engage some of the neuronal pathways implicated in sleep (Nelson et al., 2002; Lu & Greco, 2006) . Uniquely amongst these agents, THIP selectively promotes slow-wave sleep, in a manner similar to that observed physiologically following a period of sleep deprivation, without reducing rapid eye movement sleep (Lancel, 1997; Lancel & Langebartels, 2000) . Of the anatomical substrates that mediate the sedative and hypnotic actions of THIP, the thalamus may play an important role, given the thalamic contribution to the generation of oscillations typical of slow-wave sleep and given that a significant population of extrasynaptic d-GABA A Rs occurs in thalamocortical neurones (Belelli et al., 2005; Cope et al., 2005; Jia et al., 2005; Bright et al., 2007) . We demonstrated that, in ventrobasal thalamic nucleus (VB) neurones, THIP induces a large GABA A R-mediated extrasynaptic conductance at submicromolar concentrations but has no effect upon the synaptic GABA A Rs in either VB or nucleus reticularis neurones (Belelli et al., 2005) . Furthermore, our findings have identified distinct GABA A R isoforms, a 1 b 2 c 2 and a 4 b 2 d, to mediate the majority of synaptic and extrasynaptic inhibitory transmission, respectively, in mouse VB neurones (Belelli et al., 2005; Chandra et al., 2006; Peden et al., 2008) .
In the present study we have utilized a combined electrophysiological and behavioural analysis of mice lacking the a 1 -or d-subunit to explore the contribution of synaptic (i.e. a 1 -containing) vs. extrasynaptic (i.e. d-containing) GABA A Rs of VB neurones to the sedative properties of THIP. Here we report that, for VB neurones, deletion of the d-subunit has a modest effect on synaptic 'phasic' transmission but greatly decreases the extrasynaptic 'tonic' conductance and consequently prevents the THIP-induced cessation of neuronal firing. By contrast, deletion of the a 1 -subunit abolishes phasic transmission, with no effect on the tonic conductance or on the actions of THIP to suppress neuronal firing. Behaviourally, the sedative properties of THIP are severely disrupted in d 0 ⁄ 0 but not a 1 0 ⁄ 0 mice. Collectively, these findings demonstrate that THIP reduces thalamic excitability by selectively activating extrasynaptic d-GABA A Rs vs. synaptic a 1 -subunit-containing GABA A Rs (a 1 -GABA A Rs) and suggest that this action may contribute to the sedative actions of THIP.
Materials and methods

Breeding of mice
The a 1 0 ⁄ 0 and d 0 ⁄ 0 mice, together with wild-type (WT) control mice utilized for electrophysiological experiments and the rotarod (a 1 0 ⁄ 0 ) and locomotor activity (d 0 ⁄ 0 ) tests, were generated on a mixed C57BL6 ⁄ J-129SvEv (a 1 0 ⁄ 0 ) or single C57BL6 (d 0 ⁄ 0 ) background at the Merck Sharp and Dohme Research Laboratories at the Neuroscience Research Centre in Harlow and at the University of Pittsburgh, respectively, as described previously (Mihalek et al., 1999; Sur et al., 2001) . Experiments were conducted on the first two generations of WT, a 1 0 ⁄ 0 and d 0 ⁄ 0 breeding pairs derived from the corresponding heterozygous + ⁄ 0 mice bred at the University of Dundee. Rotarod experiments conducted on d 0 ⁄ 0 and WT littermate controls utilized heterozygous breeding pairs of mice as previously described (Mihalek et al., 1999) . Mice were of a mixed C57BL6 ⁄ J and Strain 129S1 ⁄ X1 genetic background from > F20 generations and were bred at the University of Pittsburgh.
At weaning, mice bred at both institutions were genotyped using either a polymerase chain reaction strategy or Southern blot analysis of tail or ear DNA as previously described (Mihalek et al., 1999; Sur et al., 2001; Herd et al., 2008) . Mice were group housed, given free access to standard rodent chow and water, and maintained on a 12 h alternating light ⁄ dark schedule, with lights on at 07:30 h.
Electrophysiology
Slice preparation
Thalamic slices were prepared from mice of either sex (post-natal day 18-27) according to standard protocols (Belelli et al., 2005) . Animals were killed by cervical dislocation in accordance with Schedule 1 of the UK Government Animals (Scientific Procedures) Act 1986. The brain was rapidly removed and placed in oxygenated 'ice-cold' maintenance solution containing (in mm): 225 sucrose, 2.95 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 0.5 CaCl 2 , 10 MgSO 4 and 10 d-glucose (pH 7.4; 330-340 mOsm). The tissue was maintained in this ice-cold solution while horizontal 300-350 lm slices were cut using a Vibratome (Intracel, Royston, Herts, UK). The slices were incubated at 32°C for 1 h in an oxygenated, extracellular solution containing (in mm): 126 NaCl, 2.95 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2 CaCl 2 , 10 D-glucose and 2 MgCl 2 (pH 7.4; 300-310 mOsm). Subsequently, slices were maintained at room temperature (20-23°C) before being used for recordings.
Recordings
Whole-cell voltage-clamp recordings were performed at 35°C from VB neurones visually identified with a BX51 microscope (Olympus, Southall, UK) equipped with differential interference contrast ⁄ infrared optics as previously described (Belelli et al., 2005) . Patch pipettes were prepared from thick-walled borosilicate glass (Garner Glass Company, Claremont, CA, USA) and had open tip resistances of 3-5 MX when filled with an intracellular solution that contained (in mm): 140 CsCl, 10 HEPES, 10 EGTA, 2 Mg-ATP, 1 CaCl 2 and 5 QX-314 (pH 7.3 with CsOH; 300-305 mOsm). Miniature inhibitory post-synaptic currents (mIPSCs) were recorded using an Axopatch 1D or 200B amplifier (Axon Instruments, Foster City, CA, USA) at a holding potential of )60 mV in an extracellular solution that additionally contained 2 mm kynurenic acid (Sigma-Aldrich-RBI, Poole, Dorset, UK), 0.5 lm strychnine and 0.5 lm tetrodotoxin (TCS Biologicals Ltd, UK) to block ionotropic glutamate receptors, glycine receptors and sodium-dependent action potentials (APs), respectively. For whole-cell recordings, all drugs were applied via the perfusion system (2-4 mL ⁄ min) and allowed to infiltrate the slice for a minimum of 10 min while recordings were acquired.
Perforated-patch, current-clamp experiments were performed at 30°C using an Axopatch 200B amplifier. Patch electrodes were prepared as for voltage-clamp experiments and had open tip resistances of 4.5-5.5 MX when filled with a solution containing (in mm): 145 KCl, 1 MgCl 2 , 0.1 CaCl 2 , 1 EGTA and 10 HEPES (pH 7.2-7.3 with KOH; 290 mOsm). The gramicidin-based perforated-patch configuration (Kyrozis & Reichling, 1995) , which maintains the physiological transmembrane Cl ) gradient, was achieved by supplementing the pre-filtered pipette solution with 5-10 lg ⁄ mL gramicidin (diluted from a fresh 5-10 mg ⁄ mL stock solution in dimethylsulphoxide; Sigma-Aldrich-RBI, UK). The gramicidin-containing pipette solution was sonicated for 2 min prior to experimentation and further vortexed between each recording attempt. Electrode tips were filled with gramicidin-free solution and subsequently back-filled with antibiotic-containing solution. Upon establishment of a high resistance seal ( ‡1 GX), the progress of perforation was monitored in voltageclamp mode (holding potential )60 mV) by observing the slow development of capacitance transients in response to )5 mV hyperpolarizing current steps. Due to the high Cl ) content of the electrode solution, undesired patch rupture could be monitored as a sudden increase in the amplitude of capacitance transients, followed by the appearance of high-frequency spontaneous inward GABAergic synaptic currents. Such recordings were immediately discarded. Full perforation (series resistance <80 MX) was generally achieved within 30 min and the recording configuration switched to the fast currentclamp mode of the amplifier. The voltage drop arising from the series resistance was corrected using the simulated bridge balance circuitry of the amplifier and the estimated liquid junction potential of 3.4 mV (calculated using pClamp v8.2) was left uncorrected. Input resistance was calculated following delivery of small ()20 pA) hyperpolarizing current steps. Sustained tonic AP firing was elicited by depolarizing the cell to a supra-threshold membrane potential using direct current injection. To investigate the influence of acute GABA A R activation on AP firing, THIP was applied locally to the recorded cell by placing a second, drug-containing patch pipette approximately 30-40 lm from the cell soma. THIP (30 lm in the pipette) was focally applied by pressure ejection using a Picospritzer II system (10 ms duration, 7-10 psi; General Valve). Pressure ejection of drug-free extracellular solution confirmed the lack of any stimulus artefact when using these parameters. Recordings were filtered at 5 kHz and recorded to digital audio tape (DTR1200, Intracel) for offline analysis.
Drugs
The THIP-HCl [4,5,6,7-tetrahydroisoxazolo[4,5-c] pyridin-3-ol-HCl (gaboxadol), 10 )2 m, hereafter referred to as THIP], bicuculline methobromide (10 )2 m) and strychnine (10 )3 m) were dissolved in water. These stock solutions were diluted in extracellular solution to the desired concentration. With the exception of THIP, which was a generous gift of Bjarke Ebert (Lundbeck), all drugs tested were obtained from either Sigma-Aldrich-RBI, UK or Tocris UK.
Data analysis
Data were recorded onto a digital audio tape using a Biologic DTR 1200 recorder and analysed offline using the strathclyde electrophysiology Software (WinEDR ⁄ WinWCP, J. Dempster, University of Strathclyde, UK). Individual mIPSCs were detected using a )4 pA amplitude threshold detection algorithm and visually inspected for validity. Accepted events were analysed for peak amplitude, 10-90% rise time, charge transfer and time for events to decay from peak by 90%. To minimize the contribution of dendritically generated currents, which are subject to cable filtering, the analysis was restricted to events with a rise time £ 1 ms. A minimum of 100 accepted events ⁄ cell were digitally averaged by alignment at the midpoint of the rising phase and the mIPSC decay fitted by either monoexponential [ y(t) = Ae
] functions using the least squares method, where A is amplitude, t is time and s is the decay time constant. Analysis of the SD of residuals and the use of the F-test to compare the goodness of the fit revealed that the average mIPSC decay was always best fit with the sum of two exponential components. Thus, a weighted decay time constant (s w ) was also calculated according to the equation: s w = s 1 P 1 + s 2 P 2 , where s 1 and s 2 are the decay time constants of the first and second exponential functions and P 1 and P 2 are the proportions of the synaptic current decay described by each component.
The mIPSC frequency was determined over 10 s bins for 2 min with the WinEDR program using a detection method based on the rate of rise of events ( ‡35-40 pA ⁄ ms) and subsequent visual scrutiny. The tonic current was calculated as the difference between the holding current before and after application of bicuculline methobromide (30 lm; Belelli et al., 2005) . We previously demonstrated the effects of bicuculline in this respect to be reproduced by 100 lm picrotoxin, a structurally distinct GABA A R antagonist (Belelli et al., 2005) .
Spike analysis (AP half width, frequency and interevent interval) was also performed using the Strathclyde University WinEDR ⁄ WCP software.
All results are reported as the arithmetic mean ± SEM. Statistical significance of the mean data was assessed with the unpaired or paired Student's t-test as appropriate, using the sigmastat (SPSS Inc., Chicago, IL, USA) software package.
Behavioural tests
All procedures carried out at the University of Dundee were in accordance with the UK Animals (Scientific Procedures) Act 1986 (UK Home Office Project License number PPL 60 ⁄ 3411). Procedures performed at the University of Pittsburgh were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh.
Fixed-speed rotarod
For all experiments, both male and female mice (8-16 weeks of age and 19-35 g in weight at the time of testing) were used. THIP (SigmaAldrich-RBI, UK) was diluted in saline and administered into the intraperitoneal cavity. WT, a 1 0 ⁄ 0 and d 0 ⁄ 0 mice were trained on the rotarod at a fixed speed of 6 r.p.m. (Ugo Basile, Model 7650 with rod diameter of 6 cm, Stoelting Co., Wood Dale, IL, USA). Training was considered complete when mice were able to remain on the fixedspeed rotarod for 180 s (which took 4 ± 1 trials on the rotarod). Two groups of animals were used for experiments comparing WT and d 0 ⁄ 0 mice. Two separate groups of mice were tested with either 10 or 30 mg ⁄ kg THIP. For experiments comparing WT and a 1 0 ⁄ 0 genotypes, mice were injected with two doses of THIP (10 and 30 mg ⁄ kg) or its saline vehicle on three separate occasions with at least 48 h between doses. Drugs were administered in a counter-balanced repeated-measure design over genotype. After injection of THIP, time on the rotarod was measured up to 150 min post-injection in 15 min intervals.
Locomotor activity
The locomotor activity of 18 male mice (nine d + ⁄ + and nine d 0 ⁄ 0 ) aged between 12 and 16 weeks (20-35 g) was measured using an activity monitor (Benwick Electronics, Norfolk, UK) employing infrared light beams to detect movement. To habituate the animals to the testing box, each animal was placed in the box for 20 min for 6 days using a counter-balanced design. On each day the locomotor activity was logged in 5 min bins.
Following 6 days of habituation each mouse was injected (i.p.) with one of three doses of THIP (2, 5 or 10 mg ⁄ kg) or saline vehicle (0.9% NaCl). Locomotor activity was measured for 20 min starting 30 min after the injection. Each mouse received all four treatments using a counter-balanced design with 48 h intervals between each injection.
Data analysis
Statistical analysis was performed using SPSS. One-way anovas with repeated measures with genotype as the between-subjects factor and time (for rotarod tests) and time and day ⁄ drug treatment (for locomotor activity test), respectively, as the within-subjects factors were used to investigate interactions and significant differences between groups. In the rotarod experiments comparing a 1 0 ⁄ 0 and WT mice in which mice received more than one drug treatment, the drug treatment was used as an additional within-subjects variable. Mauchly's test for sphericity was used to test the assumption of equal variances (i.e. the variances in each experimental condition are equal) and when this assumption was violated (Mauchly's test result < 0.05) the Huynh-Feldt correction for heterogeneity of variance was applied (Mauchly, 1940; Field, 1998) . Post-hoc analyses were performed using paired and unpaired t-tests where appropriate.
Results
The influence of d-and a 1 -subunit deletion on synaptic and extrasynaptic inhibition in thalamic ventrobasal nucleus neurones
To investigate the relative subcellular distribution of the a 1 -and d-subunits in VB neurones, we used the whole-cell voltage-clamp technique to compare tonic and phasic inhibition of WT neurones with that recorded from neurones obtained from mice lacking either the a 1 -(a 1
. We have previously reported that deletion of the a 1 -subunit completely abolished GABA A R synaptic transmission in VB neurones of ‡ post-natal day 18 mice (Peden et al., 2008) . By contrast, the properties of mIPSCs derived from d 0 ⁄ 0 mice were only modestly influenced by deletion of the d-subunit, with a small reduction in the peak amplitude (P = 0.0005) and an increase in the sw (P = 0.0003) observed relative to WT (Table 1 , unpaired t-test). All other mIPSC properties recorded from d 0 ⁄ 0 neurones were indistinguishable from WT (Table 1 ; P > 0.05). Conversely, deletion of the d-but not the a 1 -subunit severely disrupted extrasynaptic thalamic transmission. Thus, in agreement with our previous findings (Belelli et al., 2005; Peden et al., 2008) , the bath application of bicuculline to define the resting tonic current revealed a tonic current of 92 ± 19 pA (n = 5) in VB neurones derived from WT mice (P = 0.008, paired Student's t-test, Fig. 1 ). By comparison, for d 0 ⁄ 0 VB neurones, the outward current induced by 30 lm bicuculline was significantly reduced vs. WT (d 0 ⁄ 0 tonic current = 13 ± 5 pA, n = 9, P = 0.0002 vs. WT; unpaired t-test, Fig. 1) . Similarly, the membrane noise of the d 0 ⁄ 0 neurones was significantly lower than those of WT (root mean square noise, WT = 7.7 ± 1 pA; d 0 ⁄ 0 = 4.7 ± 0.2 pA, P = 0.0005, unpaired t-test). Moreover, for d 0 ⁄ 0 neurones, the root mean square noise was only modestly, albeit significantly, reduced by bicuculline (4.4 ± 0.1 pA, P = 0.009, paired t-test). Thus, a 1 -and d-subunits are incorporated into separate synaptic and extrasynaptic receptor pools. Consistent with a synaptic localization of a 1 -GABA A Rs, in a 1 0 ⁄ 0 VB neurones, the d-preferring agonist THIP (1 lm) evoked a large bicuculline-sensitive inward current, which was not significantly different from that recorded from WT mice (a 1 0 ⁄ 0 = )377 ± 45 pA, n = 4; WT = )309 ± 23 pA, n = 11, P = 0.17, unpaired t-test; Fig. 1A , B and D). However, in VB neurones derived from d 0 ⁄ 0 mice, the inward current induced by 1 lm THIP was significantly reduced relative to WT (d 0 ⁄ 0 = )18 ± 3 pA, n = 7 vs. WT, P < 0.000001, unpaired t-test; Fig. 1A, C and D) . Collectively, these results are consistent with the proposal that extrasynaptic receptors in VB neurones incorporate the d-but not the a 1 -subunit.
Deletion of the d-but not the a 1 -subunit abolishes the 4,5,6,7-tetrahydroisoxazolo[4,5-c]pyridine-3-ol-induced suppression of tonic action potential firing in thalamic ventrobasal nucleus neurones Thalamocortical relay neurones exhibit three characteristic AP firing patterns arising within distinct membrane potential windows. At hyperpolarized membrane potentials, low-threshold burst firing predominates, whereas tonic or high-threshold burst firing modes are observed at relatively depolarized membrane potentials (Jahnsen & Llinas, 1984; Steriade et al., 1993; Hughes et al., 2002 Hughes et al., , 2004 . Here, we have investigated the effect of THIP on VB neurones during tonic AP firing and assessed the influence of a 1 -or d-subunit deletion on this response using the respective mice. To preserve a physiological Cl ) driving force, current-clamp recordings were performed using the gramicidin-based perforated-patch technique (Kyrozis & Reichling, 1995) . Under control conditions, VB neurones derived from WT mice displayed a resting membrane potential of )75 ± 1 mV and an input resistance of 382 ± 27 MX (n = 27). The resting membrane potential of VB neurones was not significantly influenced by deletion of either the a 1 -or d-subunit (a 1 0 ⁄ 0 = )72 ± 1 mV, n = 10; d 0 ⁄ 0 = )73 ± 1 mV, n = 21, P > 0.1 vs. WT for either strain). Similarly, the input resistance of VB neurones derived from a 1 0 ⁄ 0 mice (425 ± 60 MX, n = 10) was not significantly different from WT (P = 0.44 vs. WT; Fig. 2E ). By contrast, in mice lacking the d-subunit, the input resistance was significantly increased (493 ± 41 MX, n = 21, P = 0.02 vs. WT; Fig. 2E ). At the relatively hyperpolarized membrane potentials observed in VB neurones under control conditions, spontaneous low-threshold AP bursts were observed only rarely (not shown). To investigate the effect of THIP on the tonic AP mode, which corresponds to the in-vivo firing pattern observed during awake behavioural states, VB neurones were slowly depolarized by injection of constant direct current via the recording electrode until single, repetitive APs were elicited at an average frequency of 4-8 Hz. The shape of the AP spike, as measured by the duration of the half width did not significantly change across the three genotypes (half-width: WT = 0.7 ± 0.04 ms; a 1 0 ⁄ 0 = 0.7 ± 0.04 ms; d 0 ⁄ 0 = 0.7 ± 0.03 ms; P = 0.88, one-way anova). In thalamic neurones derived from WT mice, focal application of THIP (30 lm) to the cell soma from a local pressure ejection pipette evoked a rapid hyperpolarization of the membrane potential and an abrupt but reproducible cessation of AP discharge (interevent interval: pre-THIP = 0.2 ± 0.01 s; post-THIP = 3.9 ± 0.4 s; n = 10, P = 0.00001, paired t-test; Fig. 2A and  D) , followed by a progressive recovery of the AP frequency to preapplication levels upon agonist dispersal ( Fig. 2A) . Similarly, the local application of THIP to VB neurones derived from a 1 0 ⁄ 0 mice induced a temporary blockade of tonic AP firing (interevent interval: pre-THIP = 0.2 ± 0.02 s; post-THIP = 3.5 ± 0.3 s; n = 7, P = 0.00001, paired t-test; Fig. 2B and D) . Importantly, for equivalent tonic AP firing frequencies (WT = 5.1 ± 0.3 Hz, n = 10; a 1 0 ⁄ 0 = 5.0 ± 0.5 Hz, n = 7), the duration of THIP-induced AP cessation was not significantly different between the strains (P > 0.05, unpaired t-test). By contrast, in mice lacking the d-subunit, the effect of THIP on tonic AP firing was completely abolished (interevent interval: pre-THIP = 0.2 ± 0.01 s; post-THIP = 0.3 ± 0.1 s, n = 9, P = 0.40, paired t-test; Fig. 2C and D) . Indeed, the post-THIP interevent interval recorded from d 0 ⁄ 0 neurones was significantly different from both WT (P < 0.000001) and a 1 0 ⁄ 0 (P < 0.000001, unpaired t-test) cells. Furthermore, THIP did not change the half-width of APs recorded from VB neurones derived from d 0 ⁄ 0 mice. Collectively, these results illustrate that extrasynaptic d-GABA A Rs, but not synaptic a 1 -GABA A Rs, mediate the effects of THIP on tonic AP firing in VB neurones.
Deletion of the d-but not the a 1 -subunit reduces the ataxic effects of 4,5,6,7-tetrahydroisoxazolo[4,5-c] pyridine-3-ol on the rotarod
To assess the sedative effects of THIP and the role played by d-GABA A Rs, we initially investigated the actions of THIP in a test of forced motor activity (i.e. the rotarod test). Previous studies in our laboratory have shown that 5 mg ⁄ kg THIP does not affect rotarod performance of WT mice (data not shown, F 6,24 = 0.93; P = 0.46). Therefore, recovery from ataxia induced by two different doses of 
Peak amplitude (pA) )66 ± 2 )82 ± 3* Rise time (ms) 0.5 ± 0.01 0.5 ± 0.01 Charge transfer (fC) 263 ± 11 296 ± 15 T90 (ms) 5.5 ± 0.1 5.3 ± 0.1 sw (ms) 3.8 ± 0.1 3.2 ± 0.1* Frequency (Hz)
16.8 ± 1.9 21.7 ± 2.0
The majority of neurones derived from a 1 0 ⁄ 0 mice (post-natal day 18-27) are devoid of mIPSCs and are therefore not included. *P < 0.05, WT vs. d 0 ⁄ 0 . T90, time for events to decay from peak by 90%.
THIP (10 and 30 mg ⁄ kg) known to impair performance in WT mice was measured using a fixed-speed rotarod in two separate experiments (Fig. 3 ). There were no significant effects of sex on the responses to THIP. Therefore, the data were combined between sexes. d 0 ⁄ 0 mice were completely insensitive to the ataxic effect of THIP at 10 mg ⁄ kg (genotype, F 1,45 = 13.3; P = 0.005) (Fig. 3A) . In a separate experiment, the higher dose of 30 mg ⁄ kg THIP impaired performance by the d 0 ⁄ 0 mice on the rotarod; however, the deficiency was significantly less than for WT mice (genotype, F 1,152 = 15.1; P = 0.001) (Fig. 3B) .
Collectively, these data demonstrate that d 0 ⁄ 0 mice have a substantially reduced sensitivity to the ataxic effects of THIP.
To evaluate the contribution of a 1 -GABA A Rs to the sedative ⁄ ataxic actions of THIP, the rotarod performance of a 1 0 ⁄ 0 mice was investigated following THIP administration. As illustrated by injection interaction (drug · time, F 20,280 = 19.82, P < 0.000001) was also detected, which is attributable to the different recovery profiles for each dose. There was no overall effect of genotype (genotype, F 1,14 = 1.11, P = 0.31), suggesting that both WT and a 1 0 ⁄ 0 mice are susceptible to the ataxic effects of 10 and 30 mg ⁄ kg THIP.
The reduction in locomotor activity induced by 4,5,6,7-tetrahydroisoxazolo[4,5-c] pyridine-3-ol is blunted by deletion of the d-subunit Sedative and hypnotic agents commonly impair performance on the rotarod test. However, interpretation of the results from this test may be compromised if the drug, as THIP does, also impairs motor coordination because it elicits ataxia (Storustovu & Ebert, 2006) . Thus, the impact of the d-subunit deletion on the actions of THIP was also evaluated on spontaneous motor activity in a locomotor activity chamber. Preliminary global analysis of basal spontaneous activity revealed that there was a significant reduction in activity over days (F 5,80 = 3.3, P = 0.009) and within a session (F 3,48 = 12.04, P = 0.000005). There was a significant interaction between days and the time bin within a session (F 15,240 = 5.1, P < 0.000001). Mice habituated both acutely within the first session and between sessions and such habituation was not influenced by genotype (F 1,16 = 0.6, P = 0.46). On day 1 activity reduced during the session (F 3,48 = 17.8, P < 0.000001; Fig. 4A ) but by day 6 initial activity during the first 5 min of the trial was lower than for day 1 (t = 4.8, d.f. = 17, P = 0.0002) and activity no longer declined significantly during the session (F 3,48 = 0.024, P = 1.0; Fig. 4B ). These data demonstrate that the mice habituated both acutely within the first session and between sessions as anticipated (Leussis & Bolivar, 2006) and that this habituation was not influenced statistically by genotype. Global analysis of the activity of mice treated with THIP (Fig. 5) showed a significant effect of the drug (F 3,48 = 6.8, P = 0.001) but not of time (F 3,48 = 1, P = 0.38). There was a main effect of strain (F 1,16 = 7.9, P = 0.012) and a significant interaction between drug and genotype (F 3,48 = 5.4, P = 0.003). Upon further analysis, WT mice showed a significant reduction in locomotor activity (F 3,24 = 17.4, P = 0.000003) with increasing doses of THIP. THIP diminished the activity of WT mice at doses Fig. 3 . Deletion of the d-but not the a 1 -subunit reduces the ataxic effects of THIP. Ataxic effects of THIP were measured by the fixed-speed rotarod (6 r.p.m.). The data are presented as means + SEM of five to 11 observations and show the mean time spent on the rotarod at different times after the injection. Saline injections had no effects on rotarod performance in any of the strains (data not shown). The ataxic response was either eliminated or greatly reduced in d 0 ⁄ 0 mice (open diamonds) compared with WT controls (filled diamonds) at 10 mg ⁄ kg (A) (P < 0.01, n = 6 for d 0 ⁄ 0 and n = 5 for WT) and 30 mg ⁄ kg (B) (P < 0.005, n = 11 for d 0 ⁄ 0 and n = 10 for WT). By contrast, deletion of the a 1 -subunit did not affect the ataxic effects of THIP at either the 10 mg ⁄ kg (C) (P > 0.1) or 30 mg ⁄ kg (D) dose (P > 0.05, n = 8 for both a 1 0 ⁄ 0 and WT at both doses).
as low as 2 mg ⁄ kg (t = )3.6, d.f. = 8, P = 0.007, paired t-test). However, this drug had no effect on the locomotor activity of d 0 ⁄ 0 mice (F 3,24 = 0.55, P = 0.66). Collectively these findings are consistent with the hypothesis that the reduction of both spontaneous and forced activity observed following injection with THIP at these doses is mediated by the d-containing GABA A Rs.
Discussion
The actions of THIP have been extensively scrutinized at both a molecular and behavioural level in an attempt to relate the unique behavioural profile of this sedative and hypnotic agent to specific molecular target(s) (Wafford & Ebert, 2006) . A preferential interaction of THIP with GABA A Rs incorporating the d-subunit has been clearly documented in both recombinant expression systems and native neurones (Brown et al., 2002; Belelli et al., 2005; Drasbek & Jensen, 2006) . However, the specific anatomical substrate(s) underpinning the sedative actions of THIP remains a matter of debate, although the thalamus has been proposed to play a significant role (Belelli et al., 2005; Cope et al., 2005; Jia et al., 2005) . In an attempt to clarify this issue, we employed a combined electrophysiological and behavioural approach to characterize the role of GABA A R-mediated synaptic and extrasynaptic transmission in the actions of THIP upon thalamic excitability and to relate these findings to the sedative effects of THIP in mice harbouring a deletion of a subunit putatively expressed at either synaptic (i.e. a 1 ) or extrasynaptic (i.e. d) locations in thalamic relay neurones (Belelli et al., 2005; Peden et al., 2008) .
As we previously reported for dentate gyrus granule cells , the properties of synaptic currents recorded from VB neurones were generally unaffected by deletion of the d-subunit with the exception of a modestly increased peak amplitude and a reduced decay, which may reflect an upregulation of the synaptically located c 2 -subunit and, in WT, a modest contribution of perisynaptically located d-GABA A R to the overall synaptic decay, respectively (Rossi & Hamann, 1998; Hamann et al., 2002; Korpi et al., 2002) . In contrast to the phasic conductance, the tonic inhibitory conductance was reduced by > 85% vs. WT. Similarly, the THIP-induced extrasynaptic conductance was dramatically reduced in d 0 ⁄ 0 mice. Although both a 1 -and a 4 -subunits are abundantly expressed in the thalamic relay cells, the a 4 -and b 2 -subunits putatively partner the d-isoform at extrasynaptic locations in VB neurones (Belelli et al., 2005; Jia et al., 2005; Chandra et al., 2006) . In agreement with this suggestion, the dramatic reduction in both the thalamic tonic inhibitory current and the THIP-induced extrasynaptic conductance produced by deletion of the d-subunit was equivalent to that previously described for a 4 0 ⁄ 0 mice (Chandra et al., 2006) . Furthermore, consistent with synaptic vs. extrasynaptic expression, deletion of the a 1 -subunit did not affect either the resting tonic conductance (Peden et al., 2008) or the THIPinduced current (present study).
Extrasynaptic inhibition mediated by GABA A Rs plays an important role in regulating the excitability of individual neurones and neural networks, where it may regulate the frequency of network oscillations (Walker & Semyanov, 2008) . Consistent with this notion, in ) and WT controls (closed diamonds) measured on days 1 and 6 of habituation. The data are presented as mean + SEM photobeam counts measured over 20 min for nine observations versus time since vehicle injection. Both genotypes showed a significant reduction in activity over time within session on day 1 (A) (P < 0.01, n = 9 for d 0 ⁄ 0 and WT) but not on day 6 (B) (P > 0.05), suggesting that both genotypes habituated to the testing environment. and WT). All mice were given i.p. injections of vehicle or THIP using a counter-balanced design with at least 48 h between each injection. The data are presented as mean + SEM photobeam counts measured over 20 min for nine observations. Each bar indicates the mean and SEM of the activity of mice. *P < 0.05, **P < 0.01 compared with vehicle-treated animals; P < 0.05, P < 0.01 compared with WT. perforated-patch current-clamp recordings, THIP (30 lm), applied focally from a pressure ejection pipette, produced a rapid hyperpolarization and a transient cessation of tonic AP discharge. This effect was blunted in d 0 ⁄ 0 but not in a 1 0 ⁄ 0 neurones, thus directly implicating extrasynaptic d-GABA A Rs, but not synaptic a 1 -GABA A Rs, in the actions of THIP upon thalamic excitability. Furthermore, although the exact concentration of THIP that transiently activates the d-GABA A Rs cannot be accurately determined when using brief focal application, the lack of activity exhibited by this drug in VB neurones derived from d 0 ⁄ 0 mice indirectly confirms that the applied concentration selectively targets extrasynaptic receptors, without activating synaptic receptors.
The THIP-induced hyperpolarization of VB neurones is qualitatively similar to that previously determined for 100 and 300 nm THIP under different recording conditions (Cope et al., 2005; Chandra et al., 2006) . Furthermore, the loss of the THIP-induced hyperpolarization in VB neurones derived from d 0 ⁄ 0 mice is similar to that reported for a 4 0 ⁄ 0 VB neurones (Chandra et al., 2006) . Collectively, these findings demonstrate for the first time that synaptically located a 1 receptor isoforms are not primarily implicated in the action of THIP upon thalamic excitability and identify conclusively the a 4 bd-isoform as the selective molecular target of the actions of this drug in VB neurones.
It is established that, at hyperpolarized membrane potentials, thalamic relay neurones fire predominantly in the low-threshold bursting mode, which is responsible, physiologically, for the slow oscillations typical of non-rapid eye movement sleep and, pathologically, for the stereotypical 3 Hz spike and wave discharges characteristic of epileptic absence attacks (Steriade et al., 1993; McCormick & Contreras, 2001) . Although not specifically investigated in this study, it is conceivable that the THIP-induced hyperpolarization of VB neurones described here plays a crucial role in the increase in slow-wave sleep associated with the systemic administration of THIP (Lancel, 1997; Lancel & Langebartels, 2000) . In agreement, a recent study indicates the THIP-induced effects on electroencephalographic activity to be prevented by deletion of the dsubunit (Winsky-Sommerer et al., 2007) . Furthermore, the hyperpolarization of thalamic neurones is probably implicated in the proabsence actions of this hypnotic agent evident in animal models of absence epilepsy (Vergnes et al., 1984) . Interestingly, neurosteroids may preferentially interact with d-GABA A Rs and the pro-absence actions of these endogenous GABA A R modulators are significantly reduced in d 0 ⁄ 0 mice (Mihalek et al., 1999) . Whether the pro-absence actions of THIP are similarly blunted in d 0 ⁄ 0 mice is not known at present.
Analysis of the sedative actions of THIP following deletion of either the d-or the a 1 -subunit, in tests of forced and spontaneous motor activity, clearly demonstrates such behaviours to be crucially dependent on d-containing GABA A Rs. Overall, these findings are in agreement with a recent report revealing d 0 ⁄ 0 mice to be significantly less sensitive to the hypnotic actions of THIP as measured by the loss of righting reflex (Boehm et al., 2006) . Additionally, our findings provide the first demonstration that deletion of a subunit with a widespread synaptic localization, i.e. a 1 , does not influence the dramatic effects of THIP upon motor activity and furthermore excludes a significant contribution of the a 1 bd receptor isoform to the sedative actions of this agonist (Glykys et al., 2007) .
Interestingly, the actions of THIP in the tests of spontaneous and forced (i.e. rotarod test) motor activity exhibit different profiles of dose dependence. Thus, in the locomotor activity test, a reduction in activity was apparent at doses of THIP as low as 2 mg ⁄ kg, whereas for the rotarod, only a dose of 10 mg ⁄ kg, or greater, produced an impairment in performance. Furthermore, the reduction in locomotor activity elicited by THIP remained constant at all doses tested over the 20 min period of observation (when analysed in 5 min bins; data not shown), whereas the ataxic effect was significantly reduced at 45 vs. 30 min post-injection (Fig. 3A) . A parsimonious explanation for these findings may simply reside in the intrinsic differences between the two behavioural tasks, as one measures spontaneous activity, whereas the other determines forced motor activity. Thus, a greater effect on the extrasynaptic inhibitory conductance may be required to suppress forced vs. spontaneous activity. An alternative, though not mutually exclusive, interpretation postulates that the interaction of THIP with d-GABA A Rs incorporating distinct a-subunit isoforms, i.e. a 4 vs. a 6 , may contribute to the differences observed between the tests of spontaneous locomotor activity (i.e. a 4 -mediated) and rotarod (i.e. a 6 -mediated) performance. This scenario is credible given that a 6 bd GABA A Rs are exclusively expressed in the cerebellum (Wisden et al., 1992; Pirker et al., 2000) and altered GABAergic activity in the cerebellum has been associated with deficits in motor co-ordination (impaired rotarod performance) analogous to those reported here Wulff et al., 2007; Cheron et al., 2008) . Additionally, based on the potency and efficacy profile exhibited by THIP at recombinant GABA A Rs (Storustovu & Ebert, 2006) , Ebert and colleagues have recently predicted that, following the administration of a range of THIP doses (similar to those employed in the present study), the peak brain concentration of this drug would result in a level of receptor activation equivalent to 50% of the GABA maximum for the a 6 bd-isoform but only 15-20% for the a 4 bd subtype (Cremers & Ebert, 2007; Ebert et al., 2008) . Higher doses of THIP and, hence, presumably a greater level of receptor occupancy, appear necessary to observe an impairment of rotarod performance. Therefore, these findings are consistent with the suggestion that the cerebellum and the a 6 bd receptor isoform in particular may play a prominent, although not necessarily exclusive, role in the action of THIP in this test. Indeed, deletion of the a 4 -subunit also disrupts the deficits induced by THIP in the rotarod test (Chandra et al., 2006) . Clearly, the simplest interpretation of these findings is that the a 4 bd receptor isoform also plays a role in the THIP-induced impairment on the rotarod performance. In support, the a 4 bd receptor isoform is prominently expressed in both the thalamic relay neurones of the VB complex and the dorsal striatum (Wisden et al., 1992) , two regions known to play a significant role in motor function (Cicirata et al., 1986; Groenewegen, 2003) and, hence, probably complicit in the ataxic effects of THIP.
However, compensatory changes in gene expression of partner subunits, as previously described for a 6 0 ⁄ 0 and d 0 ⁄ 0 mice Tretter et al., 2001; Korpi et al., 2002) , may complicate the interpretation of these findings. Thus, for example, an increased and decreased expression of the c 2 -and a 4 -subunits, respectively, coupled with an increased association of the a 4 -and c 2 -subunits across the forebrain of d 0 ⁄ 0 mice has been documented (Korpi et al., 2002) . Furthermore, a similar up-regulation of the c 2 -subunit has been described in cerebellar granule cells derived from d 0 ⁄ 0 mice (Tretter et al., 2001) . The future development of neurone-selective 'knock-out' mice may clarify the relative contribution of a 6 bd-vs. a 4 bd-isoforms to the ataxic effects of THIP (Wulff et al., 2007) .
In contrast to the selective localization of a 6 bd GABA A Rs to cerebellar granule cells, the a 4 bd-isoform is expressed in a number of brain areas, but importantly with high levels of expression being detected in the thalamus (Pirker et al., 2000) . The presence of d-GABA A Rs coupled with the crucial role of the thalamus in the generation of slow-wave oscillations, an activity typically induced by the administration of the d-GABA A R-selective THIP (see above), strongly implicates this structure in the sedative actions of this agonist.
In support, available evidence indicates that structurally distinct GABA A R agonists and modulators can produce sedation by engaging the endogenous sleep circuitry at different levels (Nelson et al., 2002; Franks, 2008) . Moreover, a depression of thalamic activity during sleep is apparent in both electroencephalographic recordings and functional brain imaging studies (Braun et al., 1997; Hofle et al., 1997) . Thus, of the main pathways known to regulate the sleep ⁄ wake cycle, the circuit that utilizes the thalamus for the transmission of sensory inputs to the cerebral cortex is conceivably the primary target for THIP. However, within the same circuitry, THIP may additionally interfere with the alternative pathway that bypasses the thalamus to activate both cortical and lateral hypothalamic neurones (Saper et al., 2001) . In this regard, it should be noted that GABA A Rs expressed in the hypothalamic histaminergic tuberomammillary nucleus (Haas et al., 2008) have been causally implicated in the sedative and hypnotic actions of GABAergic ligands (Nelson et al., 2002) . In accord with these findings, the switch to the sleep state is hypothesized to be dependent upon inhibition of neurones of the tuberomammillary nucleus of the hypothalamus a large component of which originates from the 'sleep-promoting' GABAergic neurones of the ventrolateral pre-optic nucleus (VLPO) (Saper et al., 2001) . Interestingly, in common with other GABAergic ligands, THIP induces c-FOS activation in the VLPO and, in agreement, the sedative effects of THIP are attenuated by lesions of the VLPO (Lu & Greco, 2006) . Collectively, these observations indicate that the VLPO contributes to the sedative actions of THIP, yet the specific location(s) of the d-GABA A Rs activated by the agonist within this sleep circuit pathway remains to be determined. Although the actions of THIP in the VLPO and tuberomammillary nucleus of the hypothalamus have not been functionally investigated, immunocytochemical and in-situ hybridization studies suggest only low levels of expression of the d-subunit, at least in the VLPO (Volgin, 2008) . It is nevertheless conceivable that THIP may promote excitation of VLPO neurones by acting upstream on a pathway normally inhibiting VLPO activity (e.g. noradrenergic and serotonergic neurones of the locus coeruleus and dorsal raphe, respectively). A better understanding of the actions of THIP at this level of the sleep circuitry, coupled with the generation of mice harbouring a region-selective deletion of the d-subunit, will clarify the relative contribution played by thalamic d-GABA A Rs to the sedative actions of THIP.
